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EXPERIMENTAL HEAT-TRANSFER DISTRIBUTIONS ON A 
BLUNT LIFTING BODY AT MACH 3.71 
By Robert L. Stallings, Jr., Robert L. Wright, and Ida K. Collins 
Langley Research Center 
SUMMARY 
Experimental heat-transfer distributions have been obtained on a composite lifting 
The tests were con- 
configuration which consisted of a spherical  nose segment, a delta-slab upper surfack 
with blunt leading edges, wedge sides, and a conical lower surface. 
ducted both with and without roughness on the model at Mach number 3.71, angles of 
attack up to 40°, and nominal unit Reynolds numbers of 3 X 106/ft (9.8 X lo6/,) and 
5 X 106/ft (16.3 x lo6/,). 
Heating distributions in the vertical  plane of symmetry through the range of tes t  
variables were generally approximated by existing laminar o r  turbulent theories applied 
as if each component of the composite body was an isolated body. 
on the sides of the body through the range of tes t  variables generally f a l l  between flat 
plate and cone theories for  either laminar o r  turbulent flow. 
Heating distributions 
Transitional and turbulent flow occurred over most of the upper slab surface at 
positive angles of attack. 
were approximately the same either with o r  without roughness on the model. 
Heating distributions obtained in this region for this condition 
INTRODUCTION 
The geometry of lifting bodies generally includes various components s imilar  in 
shape to simple cones, wedges, cylinders, spherical segments, and so forth. 
imate method for  predicting the aerodynamic heating on these components consists of 
treating each component as an isolated body and using existing theories that are known 
to be applicable for  that particular component. In order  to determine the validity of this 
method for  predicting the heating on lifting bodies made up of these components and also 
to determine the extent of the influence of the component par t s  on the heating distribu- 
tions, experimental heat-transfer distributions were obtained on a composite body. The 
body geometry incorporated a blunted half-cone lower surface, wedge sides, and a blunt- 
s lab upper surface. 
An approx- 
The investigation was conducted in the Langley Unitary Plan wind tunnel at  a Mach 
number of 3.71 and unit Reynolds numbers of 3 X 106/ft (9.8 X lo6/,) and 5 X 106/ft 
(16.3 X lo6/,). Tests  were  conducted both with and without roughness on the model. 
angle-of-attack range from -30' to 40° and an angle-of-sideslip range from -loo to loo 
were covered during the testing. The experimental heating data  are compared with both 
laminar  and turbulent theories. P r e s s u r e  distributions on a s imilar  body also tested in 

















local skin thickness 
specific heat of model skin 
specific heat of air at constant p re s su re  
heat-transfer coefficient 
f ree-s t ream Mach number 
unit Reynolds number pe r  foot (meter) based on free-s t ream conditions 
Stanton number based on free-s t ream conditions 
free-s t ream stagnation pressure  
base radius of cone 
distance along midline surface from thermocouple 1 (PO 
negative on bottom surface) (see fig. 2) 
temperature 
measured wall temperature a t  steady-state conditions 
stagnation temperature 
wal l  temperature 




3 x 106 
3 x 106 
5 X lo6 
3 x 106 
5 X lo6  
V 
l /m 
9.8 x 106 
9.8 X 106 
16.3 X lo6 
9.8 X lo6 






rectangular Cartesian coordinates (see fig. 2) 
angle of attack 
angle of sideslip 
density of model skin 
roll angle 
Subscripts: 
I model length 
0,1,2,. . . n time sequence 
APPARATUS AND TEST CONDITIONS 
The investigation was conducted in the high Mach number test section of the Langley 
Unitary Plan wind tunnel described in reference 2. This variable-pressure,  continuous- 
flow tunnel has an asymmetrical sliding-block nozzle that permits  a continuous variation 
in the test-section Mach number from 2.30 to 4.65. The maximum deviation in Mach 
number over the 1.219- by 1.219-meter test  section through the range of these tes ts  was 
-+0.06. Heat-transfer measurements were obtained for  the following tes t  conditions. 
Transition 














0, -+2, *5, *lo,  -15, 20, *30, 40 
0, *5, 10, -15, 20, rt30, 40 
0, 10, 20 
0, 20 
0, 5, 10, 15, 20, 30, 40 
- .  
*The negative values of a! were obtained by rolling the model 180'. 
3 
MODEL AND INSTRUMENTATION 
The model used in the investigation was a composite lifting configuration which 
consisted of a spherical  nose segment, a delta-slab upper surface with blunt leading 
edges, wedge sides,  and conical lower surface. 
the model to show the relationship of the component parts. 
of nominal 0.030-inch-thick (0.76 mm) Inconel-X sheet rolled and formed about a wooden 
mandrel and seam welded. 
with base width of 6.60 inches (168 mm) and a base height of 5.69 inches (145 mm). 
Complete dimensions of the model are shown in figure 2. 
Figure 1 presents  an exploded view of 
The model was constructed 
The overall length of the model was 11.35 inches (283 mm) 
Micarta bulkheads were stationed internally to support the sting, to provide strength 
and rigidity to the thin-walled model and to l imit  deflections in the model skin due to 
aerodynamic loads. Micarta was used as a bulkhead stiffener to reduce conduction losses  
from the model skin. 
In an attempt to obtain turbulent heating rates ,  a limited number of tests were con- 
ducted with a transition s t r ip  on the model. 
gri t  in  a band approximately 1/4 inch (6.35 mm) wide and was located on the model as 
illustrated in figure 2(b). 
The s t r ip  consisted of No. 35 carborundum 
The model was instrumented with eighty-one 30-gage iron-constantan thermocouples 
on one-half of the model and on the base (relative to the vertical  plane of symmetry). 
The location of the instrumentation is shown in figure 2(b) and a complete l is t  of instru- 
mentation coordinates is given in table I. 
The thermocouple outputs were amplified, digitized, and magnetically recorded by 
a high-speed analog-digital recording system. 
40 samples a second, the outputs for  this tes t  were recorded only every 1/2 second. 
Although this system can obtain up to 
The tunnel f ree-s t ream static and stagnation p res su res  were measured on precision 
mercury manometers. 
probes attached to the vertical  wall of the tes t  section external to the side-wall boundary 
layer  and located at the same longitudinal location as the model. 
The test-section stagnation temperature was measured with 
METHOD OF HEAT-TRANSFER DATA REDUCTION 
The heat-transfer coefficients were obtained from transient skin-temperature 
measurements resulting from a stepwise increase in stagnation temperature. 
nique is described in detail in reference 3. 
This tech- 
The heat-balance equation reduces to the following equation when i t  is assumed 
there is negligible la teral  heat flow, constant temperature through the model skin, 
4 
negligible heat flow to the model interior,  and no heat losses  due to radiation: 
This equation can be integrated and written in the following form for  complete 
machine calculation: 
pbc(Tw,n - Tw,o) 
h =  
T'/;.t d t  - I T w  dt  
Tt 
The heat-transfer coefficients were converted to Stanton numbers from the fol- 
lowing equation: 
Equation (2) was used for determining the heat-transfer coefficients of this investigation. 
The integrals were evaluated at t ime increments of 0.5 second according to the t rape-  




TO + - Tn + T1 + T2 . . . + Tn-1) (4) 
and the ratio of Te/Tt was experimentally determined. 
ACCURACY 
The accuracy of the temperature measurements, including recorder  resolution, 
thermocouple-wire calibration, and cold-junction temperature, is +l.Oo K; however, this 
e r r o r  occurs in temperature level ra ther  than in random temperature fluctuations. 
as mentioned in reference 4,  in regions of low heat transfer such as the model base, the 
ratio 
equilibrium from the preceding tes t  point. 
Also, 
Te/Tt may be questionable because the wall temperature may not have reached 
The effect of the la teral  heat flow on the values of h was approximated at  several  
locations, and with the exception of the spherical segment nose, this effect was found to 
be well within the data  accuracy. For the spherical segment nose, however, these esti-  
mations indicated e r r o r s  as large as 25 percent. 
5 
1.111 I..,,,. 111.1.1, I 
An estimation of the repeatability of heat-transfer measurements in the Langley 
Unitary Plan wind tunnel has  been determined by the repeatability of data  in the tes ts  
discussed in reference 4. It is believed these repeatabilities would also apply to this 
investigation with the exception of the spherical segment nose. 
measurements as discussed in reference 4 is dependent on the magnitude of the heat- 
The repeatability of the 
t ransfer  coefficient. For h > 0.015 Btu (306 J/m2-sec-OK), the repeatability 




(20 < h< 306 J/m2-sec-'K), within 
15 percent; and for  h < 0.001 Btu 
ft2 - s ec  - OR (20 J/m2-sec-'K), within 20 percent. Although 
h < 0.001 Btu (20 J/m2-sec-OK) is within the accuracy of data  reduction, no sig- 
ft2-sec-'R 
nificance is attached to the magnitude of h, other than to indicate regions of low heat 
transfer.  The accuracy of the precision manometers is within 0.5 lb/ft2 (23.94 N/m2). 
RESULTS AND DISCUSSION 
Heating in Vertical Plane of Symmetry 
Experiment. - Complete tabulations of the experimental resu l t s  are presented in 
- -  
tables I1 to V. Throughout the "Results and Discussion," the terminology describing the 
various components of the model is the same as that shown in figure 1. 
heating distributions in the vertical plane of symmetry are presented in figure 3 through 
the tes t  range of angle of attack. The negative angles of attack were obtained by rolling 
the model 180' as mentioned previously. With the exception of a! = -30°, the heating 
rates  on the half-cone surface (s/R < 0.98) increase with increasing angle of attack as 
would be expected. 
mented stations. This increase in heating is believed to be a result  of boundary-layer 
transition promoted by the increase in vorticity associated with this surface becoming 
leeward to the free-s t ream flow fo r  a!< -15'. (As shown in fig. 2(a), the half-cone angle 
is 15O.) 
Measured surface 
At a!= -30°, a large increase in heating occurs  at  the las t  two instru- 
For  angles of attack from -10' to 40°, the heating ra tes  on the conical nose are 
relatively insensitive to angle of attack as shown in figure 3. From laminar tangent 
swept cylinder theory (to be discussed subsequently), the laminar stagnation-line heating 
of the conical nose should decrease by approximately 25 percent and this  decrease is 
roughly the variation shown. For  an angle of attack of -30°, the conical-nose stagnation- 
line heating rates  at the la rger  values of s/R a r e  significantly less than those obtained 
at  the other angles of attack. 
6 
Heating distributions obtained on the flat top surface, s/R > 0.2, as shown in fig- 
u re  3 are believed to be strongly influenced by boundary-layer transition promoted by the 
large amount of vorticity present even at CY= 0'.
(as  indicated by the increase in heating) at is apparently located downstream of 
the thermocouple location s/R = 0.68. With increasing angle of attack, transition moves 
upstream; at CY = 20°, a turbulent boundary layer  exists over most of the flat top surface 
in the vicinity of i t s  center line. On the other hand, for  C Y =  -30' (flat top surface wind- 
ward), a laminar boundary layer  exists over most of the flat top surface. These deduc- 
tions pertaining to the location of boundary-layer transition will be further substantiated 
subsequently when these data  are compared with measurements obtained with a transition 
s t r ip  installed on the model and with theoretical distributions. 
(See ref. 1.) The location of transition 
a! = 0' 
The effects of angle of sideslip on the center-line heating distributions are shown 
in figure 4 for  angles of attack of -30°, Oo, 20°, and 40'. The resul ts  are presented for  
f l  = Oo, and *loo; throughout the test range of variables, the heating rates for  these two 
sideslip angles a r e  essentially the same as would be expected. This comparison gives 
a good indication of data  repeatability. In general, changing the sideslip angle from 0'
to *loo results in only slight variations in the magnitude of the heating rates  along the 
vertical  plane of symmetry for  those regions not influenced by boundary-layer transition. 
Heating distributions in the vertical  plane of symmetry both with and without rough- 
ness  on the model are shown in figure 5. 
described previously are shown in figure 2(b). Through the range of angle of attack from 
0' to 40°, the experimental data  fo r  the model with roughness is believed to be represen- 
tative of a fully developed turbulent boundary layer  over the half-cone and flat top sur -  
faces. 
heating rates  with and without roughness as well as comparisons between experiment and 
theory to be discussed subsequently. 
flat top surface with and without roughness for a! = 20° and CY = 40° indicates that 
within this region, the boundary layer was fully turbulent even without roughness. A 
slight increase in heating occurred on the conical nose with roughness on the model; how- 
ever, whether this increase is associated with boundary-layer transition is not known. 
The locations of the roughness elements as 
This deduction is based on a comparison of the magnitude and distribution of the 
A comparison of the heating ra tes  obtained on the 
Heating distributions obtained in the vertical  plane of symmetry at Reynolds number 
The data  are presented in the form of the laminar cor re-  
p e r  meter  of approximately 9.8 X lo6  and 16 X lo6  are presented in figure 6 both with and 
without roughness on the model. 
lation parameter  NSt/- f o r  the clean model (fig. 6) and in the form of the turbulent 
correlation parameter  NSt(NRe,l) 1/5 for  the model with roughness (fig. 6(b)). 
heating distributions on the flat top surface both with and without roughness indicate a 




Theoretical .___ approximations. - __- - Since the lifting entry configuration for  this investiga- 
tion was formed from a combination of such basic shapes as cones, cylinders, wedges, 
and so forth, it was decided to explore fully the applicability of approximate theories to 
the composite body that are known to apply to the individual basic components. 
approximate theories used are both laminar and turbulent cone and flat-plate theories, 
tangent swept-cylinder theory, and cross-flow theory. 
The 
Theoretical distributions fo r  the half-cone surface are shown in figure 7 for  the 
test range of angle of attack. Results for  positive angles of attack (half-cone windward) 
are presented in figure 7(a) f o r  both laminar and turbulent flow f o r  comparison with the 
experimental data  with and without roughness, respectively. The theoretical distribu- 
tions consist of flat-plate and cone theories (ref. 5)  and swept-cylinder theory (ref. 6). 
The distributions shown fo r  the flat-plate and cone theories are based on measured sur-  
face pressures  from reference 1, a local total p ressure  corresponding to f ree-s t ream 
pitot pressure,  and the virtual origin of the boundary layer  located a t  thermocouple 8 
($ = -0.89). The tangent-swept-cylinder theories assume that the local heating along 
the half-cone stagnation line for  a > 0' is approximated by the heating on a tangent 
swept cylinder having a diameter equal to the local cone diameter. 
As shown in figure 7(a), the laminar and turbulent cone theories for  a =  0' are 
in good agreement with the measured heating distributions on the half cone fo r  the clean 
model and model with roughness, respectively. 
cone theory for  a > 0' underpredicts the magnitude of the measured heating rates,  the 
extent of this disagreement increasing with increasing angle of attack. The tangent swept 
cylinder approximations, however, are generally in good agreement with the experimental 
resul ts  f o r  
negative angles of attack (half-cone leeward) (fig. 7(b)), the laminar flat-plate theory best 
approximates the measured laminar heating rates.  
Although not shown in figure "(a), the 
10 S a 5 40' with either a laminar o r  turbulent boundary layer. For  the 
Theoretical and experimental heating distributions for  the top flat surface a r e  
shown in figure 8. 
plate theories are shown for  both laminar and turbulent flow for  comparison with the 
experimental results obtained on the clean model and model with roughness, respectively. 
The theoretical distributions were determined from the flat-plate theory of reference 5 
and by assuming that the virtual origin of the boundary layer  occurred at s/R = 0. 
theoretical laminar distribution was only determined for  a = 0' since, as discussed 
previously, the boundary layer in this region was turbulent f o r  positive angles of attack. 
Even at  a = Oo, a large portion of the top flat surface is affected by transitional flow; 
thus, poor agreement with the laminar theoretical distributions results. 
theoretical distributions are in good agreement with the experimental resul ts  fo r  the 




model with roughness a t  a! = 20' and a! = 40'. At a! = Oo, however, the turbulent theo- 
retical distributions are approximately 25 percent greater  than the experimental results. 
Theoretical and experimental heating distributions for  the top flat surface at nega- 
tive angles of attack (flat surface windward) are shown in figure 8(b). 
distributions consist of laminar flat-plate theory, the cross-flow theory of reference 7, 
and a modified laminar tangent cylinder approximation. 
mined in the same manner as discussed in the preceding paragraph. 
inar tangent cylinder approximation consists of applying swept cylinder theory to each 
location along the center line based on a diameter equal to the local span. 
line velocity gradient was assumed to correspond to that a t  the stagnation point of a body 
of revolution having a c ross  section s imi la r  to the c ross  section of the flat top perpendic- 
u la r  to the center line and including the cylindrical-segment leading edges. 
velocity gradients were determined from the experimental results of reference 8. In a 
plane perpendicular to the center  line of the flat top surface, the cylindrical leading edges 
are actually elliptic; however, since the leading-edge sweep is large ( 7 5 O ) ,  this effect on 
the stagnation-line velocity gradient is negligible. The stagnation-point velocity gradient 
for  a body of revolution is believed to be a good approximation for  the stagnation-line 
velocity-gradient on a two-dimensional body of the same c ross  section. This approxima- 
tion is validated to some extent by experimental velocity distributions on spheres and 
cylinders shown in reference 7, and also by Newtonian theory which predicts the local 
velocity gradient as a function of only one geometry variable, the local surface slope 
relative to the free-s t ream velocity vector. The modified tangent cylinder approximation 
is very s imilar  to the cross-flow theory of reference 7, the major exception being that the 
stagnation-line heating is assumed to be two dimensional for  the present approximation 
rather  than three dimensional. 
The theoretical 
The flat-plate theory was deter-  
The modified lam- 
The stagnation- 
The local 
In general, poor agreement is shown in figure 8(b) between experiment and the lam- 
inar flat-plate theories for  the negative angles of attack (flat surface windward). 
a!= Oo, transition affects a large region of the flat-top surface and therefore such dis- 
agreement would be expected. For  a! = -loo, however, it is believed that transition only 
affects the las t  instrumented station and upstream of this station better agreement with 
theory was anticipated. The measured heating ra tes  are less than the theoretical values; 
this same trend is noted at a! = 0' fo r  turbulent flow as shown in figure 8(a). 
At 
The laminar flat-plate theory values for  a! = -30' (fig. 8(b)) are less than the 
experimental values as would be expected. A comparison of these measured values with 
turbulent flat-plate theory (not shown in figure) indicates that the boundary layer  over the 
flat top surface was laminar. The modified tangent cylinder approximation is in good 
agreement with the experimental values at CY= 20' whereas the cross-flow theory of 
9 
reference 7 overpredicts these values. A possible explanation for  this disagreement is 
that the sweep angle of the present configuration (75') is greater  than the sweep of the 
models fo r  which the results are presented in reference 7. 
Theoretical tangent swept cylinder heating distributions along the conical nose stag- 
nation line are shown in figure 9 fo r  both laminar and turbulent flow. For positive angles 
of attack (fig. 9(a)), laminar theoretical distributions are in fair agreement with the experi- 
mental data on the clean model fo r  s/R -0.32 o r  for  values of s/R less than approxi- 
mately one spherical nose diameter. For  s/R > -0.32, the experimental data are grea te r  
than the theoretical distributions because of the spherical-segment nose effect. No signif- 
icance is placed on the absolute magnitude of the heating rates on the spherical-segment 
nose because of the large conduction e r r o r s  that are known to be present. 
Since only small  changes in the magnitude of the experimental heating rates on the 
conical-nose stagnation line occurred when roughness was placed on the model, the laminar 
theoretical distributions are also shown in figure 9(a) for  the model with roughness. 
Q! = Oo, the experimental heating ra tes  f a l l  between the laminar and turbulent theoretical 
heating distributions. This is the same trend noted in reference 5 fo r  swept cylinders at 
small  angles of sweep. At a! = 30°, the stagnation line of the conical nose is perpendic- 
ular  to the free-s t ream velocity vector corresponding to a sweep angle of 90'. Fo r  this 
condition, the turbulent swept cylinder theory predicts zero heat transfer;  however, as 
noted in reference 5, this prediction is not physically realistic since a laminar boundary 
layer  would always exist  for  these conditions with no possible mechanism present to cause 
a turbulent boundary layer. The experimental data for  s/R < -0.5 at a! = 30' a r e  very 
s imilar  to the resul ts  shown for  the clean model at this angle of attack and are in fair 
agreement with the laminar theory. 
For 
Theoretical laminar heating distributions for  the conical nose at negative angles of 
attack are shown in figure 9(b). Similar to the trends noted at positive angles of attack, 
the theoretical and experimental data are in good agreement for  values of s/R less than 
approximately one nose diameter through a = -30'. 
Heating on Wedge Sides 
Measured heating distributions obtained on the wedge s ides  are shown in figure 10 
for  angles of attack from -30' to 40'. The heating ra tes  are presented as a function of 
Ax/R where Ax is the axial length from the point of tangency of the conical nose and 
wedge side for each value of z/R. 
two-dimensional flow are also shown for  each angle of attack and are based on measured 
pressures  f rom reference 1. Since there was no continuous row of pressure  instrumen- 
tation on the wedge surface, the data at z/R = 0 . 3  and z/R = 0.37 were used. For  
a! = -30°, a laminar swept-cylinder theoretical value (ref. 5) is shown for  comparison with 
Laminar s t r ip  theory distributions for  conical and 
the data  obtained at z/R = 0.120. The stagnation line on a 15' swept delta wing with 
cylindrical leading edges at a! = 30' should be located on the leading edges approxi- 
mately 65' below the stagnation line at a!= 0'. 
figuration at a! = -30' is also on the cylindrical leading edges and located at the same 
location as the analogous delta-wing configuration, it would then be located 65O from the 
point of tangency of the wedge sides and the cylindrical leading edges (z/R = 0.12). I t  
was for  these conditions that the theoretical swept cylinder value was evaluated. The 
experimental data downstream of the spehrical-segment nose effects are in good agree- 
ment with this calculated value. Since the stagnation line is apparently located on the 
cylindrical leading edge for  this angle of attack, the resulting c ros s  flow would be expected 
to produce heating gradients in the z direction on the wedge sides as is indicated by the 
experimental resul ts  shown in figure lO(a). With increasing angle of attack to -10' 
(fig.lO(b)), the heating rates at z/R = 0.120 should increase if the stagnation line remains 
on the cylindrical leading edge since it would approach this z/R position. The data 
decreases,  however, and indicate that a stagnation line no longer exists on the cylindrical 
leading edge. The experimental resul ts  for  z/R > 0.120 and upstream of the effect of 
transition tend to fall within a narrow band the magnitude of which is approximated by the 
laminar flat-plate theory. 
u re  1O(c) for  @ =  0'; however, the magnitude of these heating rates  tend to approach the 
cone theory. With further increases  in angle of attack (fig. 1O(d) and lO(e))', all the data 
including that at z/R = 0.12 fall within a relatively narrow band. The magnitude of this 
band of data  for  laminar flow tends to approach the flat-plate theory with increasing angle 
of attack through a =  40'. 
If the stagnation line of the present con- 
Similar trends in the measured heating a r e  shown in fig- 
Experimental and theoretical heating distributions for  the wedge sides are shown in 
figure 11 for  angles of sideslip of &loo at a =  0'. For  /3 = 10' (instrumentation wind- 
ward), an increase in heating relative to the /3 = 0' results occurs as would be expected. 
The magnitude of these heating ra tes  for  Ax/R < 0.75 fall between the flat-plate and cone 
theories; however, for  l a rge r  values of 
theory. With decreasing angle of sideslip to -10' (fig. l l(b)),  a decrease in heating occurs 
and the magnitudes of the heating ra tes  at this sideslip angle are roughly approximated 
by the flat-plate theory. 
Heating distributions on the wedge side for  the model with roughness are shown in 
figure 12 fo r  angles of attack from 0' to 40'. 
sition is considerably forward of the location indicated by the heating rates on the clean 
model at a!= 0' (fig. lO(a)), and for  values of Ax/R > 1 the magnitudes of the heating 
rates f a l l  within a narrow band bounded by the turbulent flat-plate and cone theories. 
For a! = 20' and a! = 40°, the location of transition for  most values of z/R is not 
significantly different f rom that indicated by the experimental data on the clean model. 
Ax/R, good agreement is obtained with the cone 
At a!= 0' (fig. 12(a)), the location of tran- 
11 
."I1 I .II. I1 1.1 I ,  1,111, , 1 1 1 , 1 1 1  I ,,,... -- ...--.--- 
The magnitude of the maximum heating rates a t  z/R = 0.37 for  these angles of attack 
as shown in figure 12 also falls between the two theoretical distributions s imilar  to  the 
results shown at a! = 0'. 
SUMMARY OF RESULTS 
Experimental heat-transfer distributions have been obtained on a composite lifting 
configuration which consisted of a spherical nose segment, a delta-slab upper surface 
with blunt leading edges, wedge sides, and a conical lower surface. The tests were con- 
ducted both with and without roughness on the model at Mach number 3.71, angles of attack 
up to 40°, and nominal unit Reynolds numbers of 3 X 106/ft (9.8 X lo6/,) and 5 X 106/ft 
(16.3 X 106/m). The resul ts  are summarized as follows: 
1. Heating distributions in the vertical plane of symmetry through the range of test 
variables were generally approximated by existing laminar o r  turbulent theories applied 
as if each component of the composite body was an isolated body. 
2. Heating distributions on the sides of the body through the range of tes t  variables 
generally fell between flat-plate and cone s t r ip  theories for  either laminar o r  turbulent 
flow. 
3. Transitional and turbulent flow occurred over most of the flat top surface at posi- 
Heating distributions obtained in this region for this condition were tive angles of attack. 
approximately the same either with o r  without roughness on the model. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., October 1, 1969. 
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7 b 0  2 
419.2 
200.8 


































. .  
NSt 
.CO7C4; . o c 7  29' 
.00646: 
.OC525' 
-0044  5' 
.00416' 
.C0420; 








. 0 C 0 3 B C  
.OOC75i 
.COC81$ 













.CO3428 . OCl886 
.CC1254 
.CClC70 
.C c 1380 
. 005e9 i  
.ocie22 . CC1996 
.OC1458 
aOC1263 
.0 0 1C 94 
.OC5C51 
. C C i i S l  
C 0 1 3  3 1 
















.C 0 1233 
.OCCS30 
-0CC715 
- 0  C C  580 
. 0 0 ? t t 3  
,003029 
.O ccs 74 




- .  
p = 0'; T = 389' K; pt = 277.8 kN/mz 
W 
T e  







































- 9 4 0 0 1  
.93686 






















~ 9 3 4 Q l  

































































































































































.005224 . C04a l l  
-004188 . C04258 
-003566 
C02426 
































. O P l C b 6  




,000435 . CO 1705 
.001183 



















TABLE TI.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 





















1 4  
1 5  
16  
17 
1 8  
1 9  
29  











3 2  
33  
34 






4 1  
47 




4 7  











5 9  
60 
6 1  
62 
6 3  
6 4  
E 5  
6 6  
67  
6R 
6 9  
7 0  






























-97073  - 95020 
-93607 




- 9 1 8 8 1  
-91975 
-93904  - 92759 
-92788 
-91866 
-93636 . 93279 
.93101 
94410 
- 9 2 9 5 2  









. 9 1 8 8 1  












- 9 5 4 2 2  
-07640 
.92907 






- 9 2 t 5 4  
-975R0 
-95615 
-92535 - 02387 
-92759 - 93145 
-94752 - 94842 
-93607 



















































































































































































2 0 . 3  
315.5 
158.3 

















































































































. roo933  
.c02r08 







(h) (Y = 5' - Concluded 



















































































353.2 I 325.2 
301.7 I 32.8 
310.9 I 80.7 
304.2 45.1 
332.8 I 78.0 















. O C C C C l  
.COCC42 
.OCC497 
. O O C 4 0 9  











. O C C Z ~ ~  
.OClC39 
.COO688 


































. @ 0 0 t  18 
.OOC554 
-00 1244  
a h measured in J/m2-sec-% 
27 
TABLE E.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 3.0 X 106 - Continued 














1 3  
14 
15 
1 6  
17 











7 9  
3 0  
3 1  
3 2  







4 0  
4 1  
4 2  
4 3  




4 8  
49  
*O 
5 1  
52 







6 0  
6 1  
6 2  
6 3  
h4 
65  




7 0  
71  







































-95411  - 95029 
-94871  

























































































































































































.004002 - 00407 6 
003602  
- 0 0 2  6 2  2 














-004  106 
.002758 
.oo 1 E l  2 
cOOC559 
-000747  





















- 0 0 1 6 8 0  





























- 9 8 6 0 2  






































- 9 4 5 3 0  
-94305  









































































































































































6 8 . 6  




0067  89 
.OC5?@1 
- 0 0 4 7  27 


























. O C l @ Z B  
.001377 
-0C1257 



















. oc4435  
. O C 1 5 9 2  
.oc1377 
,001117 






B O C 3  223 
,002566 
, 001168  






































~ 9 2 1 7 3  

























































































































































































-00604 '  
a00504' 
m00482. 
.00"931 . C04291 
sC0299' - 001391 
.00121( 




- 0 0 0 5 5 f  . 00059? 
.00059f 














.000?17 - 006086 
C02500 
.051703 












- 0 0 1 3 6 3  
a001123 . 000S99 
-004400  
m 001704 
















a h measuredin J/m2-sec-% 
28 
TABLE II.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 

































1 R  
19 
7 1  
22 









3 3  









4 3  
4 4  
45  
A 6  
47  
4 8  
4 9  









6 0  
6 1  
62  
6 3  
6 4  
65  
6 6  
67 
6 q  
6 9  
7 0  
7 1  
20 
3n 
5 0  










- 0 0 4 5 7 0  
-002057  
.0010e2 















- 9 8 3 8 2  
e98498 





- 9 4 5 1 3  
-94656 




-91637  - 92148 
-93259  . 92824 - 92778 
,92027 
-97981  - 93740 
-93792 
-94070  . 92688 




















92531 - 95708 
-92748  
-93515  - 94716 . 93214 
-93019  . 92899 
-92643  
.95933 - 93259 
-92869  - 92763 
.95948 . 92839 
-92718  - 03162 - 93860 































































































































































































I - 5743  I 
.002179 
,000525 
. 0 0 0 ~ 8 1  
















































































(i) a = 10' - Concluded 
/3 = 10'; T = 366' K; pt = 277.6 lcN/In2 
W 
75.2 


































a 93 246 
-93969  
a 94737 




















- 9 2 7 4 2  
.92335 
- 9 2 1 5 4  
.91936 
-95106 
.92335 - 94300 
-94903  





- 9 2 5 5 3  


































































































i 431.3 I aOC6C55 453.5 -0Ct367  
36.6 .OCC'C13 
25 2 .Oflo353 
32:3 I .OCC453 1 
18.1  .@C0254 I .OCO206 
.OCC558 I 
46.8 -000657  
32.0 1 -0CC449 I 
31.5 .000443 
232.3 . OClZ t2  
140.1 .001567 
56.0 I -0CC7R6 I 
299.3 I -004202  I 
29 
TABLE L- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMLNAL REYNOLDS NUMBER 















1 3  
1 4  
15 






2 2  
23 
2 4  
2 5  
26 
2 0  
7 9  
30 
3 1  
3 2  







4 0  
4 1  
4 2  
4 3  





4 9  
50 
51 
5 2  
5 3  
54  
c 5  
56  
57 
. 5 0  
59  
6 0  
6 1  
6 2  
6 3  
6 4  
6 5  
6 6  
6 7  
60 
6 9  
7 0  
7 1  
27 
- -. - - .. 



































-94606  - 93973 
- 9 3 5 2 0  






























































































































































































































































(j) a = 20' 
.. . .  - _  














































. a 5 1 2 8  
.94738 
.94490 













- 9 4 9 0 3  
.94896 



































































































































































- 0 0 4 2 4 3  
.GO 1359 




.C CC4 76 
. ccc3e2  
.OOCZ81 . OCC3 19 















.PO l ?  57 

















.O C C F  51 
.OC3t80 
0 0  10 14 
.001143 
.OC0914 
.PO1210 . C01303 
.00?EC3 
,003387 . C C 2E40 







































- 9 1 7 0 2  
-95709  
93686 
- 9 3 4 6 1  
.93041 





- 9 3 4 3 1  



















, 9 6 5 4 9  
,95769 
, 4 5 2 6 0  
,95200 































































































































































.00379l . C O Z  05' 
.00160C 
.C0149l 
.00435( . OOlR2I 





.OOC29( . oc025c 
OC0244 
OC3484 
.OC222i . CO 103l 
.COC64I: 
.CCOA2L 










. C O 1 1 1 2  
.000921 
.C05154 

























a h measuredin J/m2-sec-% 
30 
TABLE II.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NCTMBER 















1 3  
1 4  
15 
1 6  
17 
18 
1 9  
20 
2 1  
2 2  






? 9  
30  
3 1  
32  
3 3  
3 4 
3 5  
36 
37  
3 8  
39  
40 
4 1  
42 




4 7  
4R 
4 9  
50 
5 1  
52  
53  








6 2  
6 3  
6 4  





7 0  
71 
p = 5'; T = 388' K; p = 278.3 kN/m2 
W t 
Te 










-95972 - 96288 
-96295 


























-92319 . 92229 
92034 
-95521  











































































































































































































































(j) 01 = 20' - Concluded 






































































































































































































































. O C l t C B  
1OOC382 
O C C 4  13  
.000324 
-0 C C  172 
-0CCC67 
.OC0?44 







. o r0335  
.OCC354 








-0 O C  574 
.PO3879 





.00C?44 . OC09 74 





















TABLE II.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 
EASED ON MODEL LENGTH OF 3.0 x 106 - Continued 











1 0  
11 
1 2  
13 
1 4  
1 5  
1 6  
17  










2 8  














4 3  
4 G  
0 5  
46 
47 
6 8  
09  
50 
5 1  
57 
5 3  
54  
55  










6 6  
6 7  
68 
69 
7 0  
71 































-92739 - 92440 - 92200 
-95711  
.94439 
.94221 . 93870 
-93727 
























-97321  . 96984 
-95689 
- 9 6 2 4 3  
-95629 























































































































































































C, C 16 1 3 
-001375 




.C01297 . C01045 





~ 0 0 1 3 9 2  
.004986 














001 99 6 
,001694 
._ 
(k) LY = 30' 
,4 = -5'; Tw = 389' K; pt = 277.9 W/m2 
T e  





































































~ 9 6 7 4 4  























































































































































.005 t43  




- 0 C 5 1 3 8  
-004  337 
rCOZt37 
.@CiC79 
.001842 . O C ?  110 
.001926 






















. C 0 2 5 1 8  
.OC1350 
.001148 
. C C C E S O  
.CC4tlE 
. O C i i l O  
~ 0 0 1 2 6 5  
s C O  1C 89 
nCCOe66 
-0C4378 
. 0 0 0 8 0 9  
.OC2i26 
hOCit23 
s OC2 039 
,001497  

















. o c i e z b  
, o c o e b 6  
. o o i e 2 7  
P = 0'; T = 389' K; p = 278.8 W/m2 
W t 
Te 








, 9 9 2 f 4  
.98545 



















































, 9 6 9 0 8  













































































































































































.000312 . OCOL13 
OC0206 











.000908 . CC0700 















































1 2  
13 




























4 2  
4 3  
4 4  
45 
4 6  
4 7  
4 0  
4 9  
50 
51 







' 9  
60  











TABLE II.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 3.0 X 106 - Continued 
(k) (Y = 30' - Concluded. 




-98868 - 99070 
99144 

































-92236 - 92168 
-92047 
.95533 












.93345 - 93043 - 93009 
-96409 - 93360 







































































































































































~ 0 0 1 3 2 4  

































~ 0 0 0 6 5 4  
.001410 
.001f 54  
.001556 

























































































































































































































































.003256 - O C  12C9 
.ooc353 
.occ373  
.000263 . O C C  147 
. O C 0 1 8 1  
.Or0643 













. O O C C 3 9  
.OCC4€3 
.003043 . CCl t14  
.OC1915 
-001379 . . ~ ~ ~  
OCC7 11  
. O C O t 3 1  
. occ443  






. 0 0 ? 5 0 0  












.OO 12  00 
.001324 
aOC1547 




a h measuredin i/ m2- sec- OK 
33 
TABLE II.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 














1 2  
1 3  
1 4  
1 5  
1 6  
17  
1 8  
19 
20 
7 1  
22 
23 







3 1  
32 
33 
















5 0  
5 1  
52 
53 
5 4  




5 9  
60  
€1 








7 0  
7 1  
. -. 




_ _ ~  















-92082  - 94059 
-92546  














































































































































































































-000259 . OCO185 
.000196 
~ 0 0 0 4 R O  








-000 60 8 
.000450 
.000600 













































































































































































































































































.005138 . OC4C58 
-0 0 5  E 40 
- 0 C t 4 3 4  















































. 0 0 4 6 4 8  
-0 C 1929 
.OC1203 
-004207  
. O C O C ~ ~  
.@02035 
-001352  
-00 1 1  36 
.001074 . CC1129 
.004764 




- 0 0 1 7 6 4  
__ 
.- 













- 9 8 8 2 4  
-98215  
.98125 





















91 790  
-91752  
.94795 
r 9 3 4 1 3  


















, 9 4 1 8 3  
,94047 
, 94101  
, 97113  
,94440 



























































































































































1 2 8 .  t 
112.8 


















-0003C . 000 35 
.00025' 
-000 15:  











.00123' . OOO"1' 
.00080! 
.coo531 







.001P73 . c0101: 
.00082& . 000585 
.003953 
-00076E 
-00  113 t  
.C01712 
.001697 
. G O 1 1 9 5  
.C0088L 














, CCl800 . CO 1580 
-. __ 















1 2  
1 3  
14 
1 5  
15 
17  












3 1  
32 
9 3  
3 4  
35 
3 6  
37 
36  
3 9  
4 1  
42 





4 5  
4 9  
50 







5 8  
59  
60  
6 1  
62  
6 3  
6 4  
6 5  
6 6  
67  
6 R  
6 9  
7 0  
71 
a h  
2n  
40 
TABLE E.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL KEYNOLDS NUMBER 
BASED ON MODEL LENGTH O F  3.0 x 106 - Concluded 
(1) (Y = 40' - Concluded 




































































































































































I P . 2  
15.9 
21.3 













































l l R o 5  
117.1 
129.6 
/ m2- sec- 9( 
Nst  





-004374 - 005 096 
.002132 
-002538 . 0 OC955 
.000311 
.000275 
-0 00 300 
.000312 



















. o n i e 7 5  
.ow1744 


































































































































































































































































. cc2141  
aOC2647 
.001009 
. O C C B I O  




















- 0 0 3 3  10 
.OK1744 
O C  1170 














. O C C ~ ~ E  



































1 2  








2 1  
2 2  








3 2  
7 3  
3 4  
35  
3 6  
37 
3 8  
39  
4 0  
41  
4 2  
4 3  





4 9  
5 0  
5 1  
52 





5 8  
59 
6 0  
6 1  
6 2  
6 3  
6 4  
6 5  
66  
6 7  
6 0  
69 
7 0  
7 1  
30 
- 
TABLE EL.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 4.5 X 106 
(a) a = 0' 
p = 0'; T = 390' K; p = 462.1 kN/m2 
W t 
- 9 8 1 1 4  
- 9 0 2 7 1  
.90185 
- 9 7 9 0 0  
-97657 
- 9 7 6 9 9  
.96008 
-94356 
- 9 2 7 0 0  
-92056 
- 9 3 1 0 8  




- 9 1 8 6 0  






- 9 2 6 1 8  
- 9 5 1 1 4  
.93435 
- 9 2 5 7 3  
- 9 1 9 1 9  




- 9 4 0 7 4  
-93242 
-92885 
- 9 2 5 4 4  
.9?404 
-9b139 






- 9 3 7 6 2  
-93420 
- 9 3 2 7 2  




- 9 4 3 1 2  
-93450 
.93383 
-93303 . 93600 
-95812 
- 9 3 4 5 0  
- 9 3 3 6 1  
































































































































































































































































1 6  
17  













3 1  
32 
33  




3 8  
39 
4 1  
L 2  
4 3  
n4 
45 
4 6  
4 7  
48 
4 9  
50 
5 1  
52 
53 





5 9  
60 









7 0  
7 1  
a h  
40 
TABLE III.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 4.5 X 106 - Continued 
(b) a = 10' 



















-93013 - 92998 
-91957 - 92060 
-90710 - 92001 





96544 - 940 10 
-93116 
- 9 2 6 6 1  - 92294 












.93394 - 93746 






- 9 3 7 6 1  - 93629 
-96756 
-93644 





































































































































































































































TABLE Ill.- TABULATION OF HUT-TRANSFER MEASUREMENTS ON CLEAN MODEL AT A NOMINAL REYNOLDS NUMBER 













1 2  
13 
1 4  
15 
1 6  
17 
1 8  
1 9  
20 
2 1  




2 6  
27 
2 8  




















k 9  


















6 8  
6 9  
7 0  
7 1  
0 
- 
0 = 0'; Tw = 387' K; pt = 462.1 kN/m2 
- 96757 
* 9855? 
-99026 - 99097 
-09097 
-99183 











-92302 . 92839 
-91796 
91863 




























































































































































































































































,000 8 1  1 
~ 0 0 0 7 8 4  










(c)  01 = z o o  
NSt 
a h measured in J/m2-sec-'% 
TABLE N.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 3.0 X 106 











1 0  
11 
1 2  
1 3  
1 4  
15 
1 6  
17  
1 R  
19 




















4 0  
41 




4 6  
4 7  
48  










5 9  
60 
61 
6 2  
63 
6 4  
65  
b h  
67 
68  
6 9  
7 0  
7 1  
0 








































-94905 - 96395 
-94799  
.a4663 





















































































































































































































TABLE N.- TABULATION O F  HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS A T  A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH O F  3.0 X 106 - Continued 































































6 1  
62 
63 

























































-95094  . 94852 
-94730 . 94079 



































































































































































































- 0 C 5 6 6 2  


























TABLE N.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 3.0 X 106 - Continued 















1 3  
14 
1 5  
16 
17  











2 9  
3 0  
31 
32  








4 1  
42 
4 3  




4 5  

















6 6  
67 
65 
6 9  
7 0  
7 1  















.95709 . 92 047 
.92726 
9 2 9 3 0  







- 9 3 2 7 0  
-93740  
-92325 

















































































3 7 0 . 0  
330.6 
3 7 0 . 8  




























































































































. O O O C 3 5  
.FOOC43 
.000310 




























TABLE IV.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT-A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 3.0 X 106 - Continued 
















1 4  
15 
1 6  
17 
1 8  
1 9  
20 
21 















3 1  
38 
39 
L O  
4 1  
42  
43  

















6 1  
62  
63 
6 4  
65  
6 6  
67  
68  
6 9  
7 0  
71 










































































































































































































































- 0  00478 



























-000726 . 0 0  17 23 
.001441 




















a h measuredin J/m2-sec-% 
42 
. . . 
TABLE IV.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT A NOMINAL REYNOLDS NUMBER 




















1 3  
14 
1 5  
1 6  
17  
1 8  
19 
20 
2 1  








3 1  
3 2  
33 







4 1  
42 
4 3  
4 4  
4 5  
4 6  
47 
4 R  
a 9  
50 










6 1  








7 0  







































































-95347 . 94803 
.94062 
.93835 
.93585 . 93366 


















































































































552.9 -007731  
695.4 -009724  









































1 0 2 - 5  .001433 
.CO1197 I .001031 
439.9 .006026 
55.0 .090769 
124.9 I -031747  
222.8 .003115 
269.9 .003774 





TABLE 1V.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT A NOMINAL REYNOLDS NUMBER 
BASED ON MODEL LENGTH OF 3.0 X 106 - Continued 













1 1  
1 2  
13 
1 4  
15 
1 6  
17 
18 
1 9  
2 0  








7 9  
3 1  
32 





3 5  
39 
40 
4 1  
42 
4 3  




















6 4  
6 5  
6 6  
67  
68  
6 9  
7 0  
71 
30 


















































-95661  - 94851 
.93884 
-94116 

































































































































































~ 0 0 4 0 8 0  
-006291 
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TABLE IV.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT A NOMINAL REYNOLDS NUMBER 
EL4SED ON MODEL LENGTH OF 3.0 X 106 - Concluded 
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TABLE V.- TABULATION OF HEAT-TMNSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT A NOMINAL REYNOLDS NUMBER 
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TABLE V.- TABULATION OF HEAT-TRANSFER MEASUREMENTS ON MODEL WITH ROUGHNESS AT A NOMINAL REYNOLDS NUMBER 
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Figure 1.- Exploded view of model to show relat ionship of parts. 
-Wedge sides 
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(a) Coordinate systems and model dimensions. (Dimensions are in inches (mm).) 
Figure 2.- Model description. 
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(b)  Thermocouple identification. 
Figure 2.- Concluded. 
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(b) Negative angle of attack. 
Figure 3.- Heating distributions i n  vertical plane of symmetry. 
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Figure 4.- Effect of sideslip on center-line heating distributions. 
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(d) a = 400. 
Figure 4.- Concluded. 
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(b) Model with roughness. 
Figure 6.- Effect of Reynolds number on center- l ine heating distr ibutions. 
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(a) Half-cone surface windward. 
Figure 7.- Comparison wi th  theory of measured heating distr ibutions on half-cone surface. 
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(b) Half-cone surface leeward. 
Figure 7.- Concluded. 
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(b) Negative angle of attack. 
Figure 9.- Concluded. 
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Figure 10.- Heating distr ibutions on wedge side of clean model. p = 8. 
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Figure 10.- Continued. 
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Figure 10.- Concluded. 
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Figure 11.- Heating distr ibut ions on wedge side of clean model at a n  angle of sideslip. 
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(c) a = 400. 
Figure 12.- Heating d is t r ibut ions on wedge side of model wi th  roughness. 
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